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Bacterial populations are subject to complex processes of diversi-
fication that involve mutation and horizontal DNA transfer medi-
ated by transformation, transduction, or conjugation. Tracing the
evolutionary events leading to genetic changes allows us to infer
the history of a microbe. Here, we combine experimental and in
silico approaches to explore the forces that drive the genome
dynamics of Streptococcus agalactiae, the leading cause of neona-
tal infections. We demonstrate that large DNA segments of up to
334 kb of the chromosome of S. agalactiae can be transferred
through conjugation from multiple initiation sites. Consistently, a
genome-wide map analysis of nucleotide polymorphisms among
eight human isolates demonstrated that each chromosome is a
mosaic of large chromosomal fragments from different ancestors
suggesting that large DNA exchanges have contributed to the
genome dynamics in the natural population. The analysis of the
resulting genetic flux led us to propose a model for the evolution-
ary history of this species in which clonal complexes of clinical
importance derived from a single clone that evolved by exchanging
large chromosomal regions with more distantly related strains. The
emergence of this clone could be linked to selective sweeps
associated with the reduction of genetic diversity in three regions
within a large panel of human isolates. Up to now sex in bacteria
has been assumed to involve mainly small regions; our results
define S. agalactiae as an alternative paradigm in the study of
bacterial evolution.

conjugation � evolution � homologous recombination �
population genomics � horizontal gene transfer

The development of population genetics for bacterial species
has revealed that although bacteria reproduce clonally, their

genomes evolve not only by point mutations but also by DNA
exchange through homologous recombination. It is assumed that
bacterial recombinational exchange involves the replacement of
a small region of the genome of a recipient cell by the corre-
sponding region from another isolate of the same species (1).
Homologous recombination follows unidirectional horizontal
DNA transfer mediated by transformation, transduction, or
conjugation (2, 3). These mechanisms are regarded properly as
parasexual, because none involves wholesale exchanges of chro-
mosomal genetic material as occurs in sexual reproduction of
eukaryotic organisms. In natural populations, transformation
and phage-mediated transduction probably are the most relevant
mechanisms (4). Because recombination is not linked to bacte-
rial reproduction, its rate varies greatly among bacterial species.
Differences in the ratio of genetic changes caused by recombi-
nation relative to de novo mutation have led to the identification
of a spectrum of bacterial population structures from clonal to
panmictic (5).

Each type of evolutionary event, whether it be mutation,
recombination, or selection, leaves a characteristic pattern that

can be revealed by molecular population genetics. The analysis
of polymorphisms among bacterial populations thus has allowed
reconstruction of the evolutionary history of different human
pathogens such as Helicobacter pylori (6), Mycobacterium leprae
(7), and Salmonella typhimurium (8). In the last decade, the
development of the multilocus sequence typing (MLST) of
housekeeping genes has allowed us to account for recombination
as well as point mutation in genealogical inference. However,
because MLST studies focus mainly on only a few genetic
markers, they describe the diversity of structure without
identifying genome-level changes that drive differentiation
and lineage divergence. The ever-increasing number of com-
plete genome sequences for single bacterial species now
makes it possible to search for recombinations across entire
genomes (9, 10).

The population structure of the opportunistic pathogen Strep-
tococcus agalactiae has been studied by various methods includ-
ing MLST. This bacterial pathogen was described initially in 1887
as an animal pathogen (11). Human infections caused by this
bacterium were reported in the 1930s (12), and since the 1970s
it has been recognized as the leading neonatal pathogen in the
developed world (13). Analyses of MLST data from different
geographic regions showed that isolates infecting and colonizing
neonates cluster mainly in five clonal complexes (CCs), of which
CC17 is a major hyperinvasive neonatal clone (14). A marked
diversity observed within CCs suggested the importance of
recombinational exchanges (15–17). Accordingly, it was pro-
posed that the horizontal transfer of genes involved in the
synthesis of the capsular polysaccharide, a major virulence
factor, occurs under natural conditions (18). These putative
recombinational exchanges make the relationships between CCs
difficult to discern. The recent analysis of eight genome se-
quences has shown that strain-classification methods such as
MLST do not reflect the real genetic diversity described by
whole-genome analysis, probably because they do not take into
account the variable genome of the species (16, 19). Consistently,
the high variability of the dispensable genome led to the concept
of an open pan-genome for the species S. agalactiae (16). In this
study, we investigated whether recombinational exchanges could
be observed under laboratory conditions. Strikingly, we dem-
onstrated that S. agalactiae strains exchange large fractions of
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their chromosome, probably through cis and trans mobilization
by conjugative elements. To infer the contribution of such large
recombinational exchanges to the dynamics of the S. agalactiae
chromosome, we analyzed the distribution of nucleotide poly-
morphisms among the eight sequenced genomes. This analysis
provided evidence that large chromosomal exchanges are major
contributors to the genome dynamics of S. agalactiae and allowed
us to propose an evolutionary scenario for the species.

Results and Discussion
Demonstration of Large Chromosomal Exchanges Under Laboratory
Conditions. Several studies (15–17) have suggested a role of
recombinational replacements in the genome evolution of S.
agalactiae, although such exchanges never have been reported
under laboratory conditions. To test whether chromosomal
fragments could be transferred and exchanged between different
S. agalactiae isolates, we assessed the transfer of an erythromycin
marker (ErmR) inserted at 30 different locations (I-1 to I-30) in
the chromosome of strain NEM316 belonging to CC23. These
insertions were distributed over the chromosome, outside puta-
tive integrated mobile genetic elements. Mating experiments
were carried out using each of the NEM316 derivatives as the
donor and the distantly related CC17 BM110 strain as recipient.
Marker transfers were obtained at frequencies ranging from
1.1 � 10�10 to 2.4 � 10�8 for 20 donors, whereas no transfer
(frequency � 10�11) was detected with the 10 remaining donors
[Fig. 1A and supporting information (SI) Table S1]. For each
successful transfer, the location of the ErmR marker was iden-
tical in the donor and the selected transconjugants, indicating
that the DNA region carrying the ErmR marker was transferred.
We accurately mapped the transferred regions by taking advan-
tage of the polymorphism between the donor and the recipient
strains. SNP mapping in 10 transconjugants obtained with
different donors confirmed that the transferred DNA corre-
sponds to a single segment surrounding the ErmR marker (Table
1). The length of exchanged regions ranged from 21 kb to more
than 334 kb.

Because homologous DNA adjacent to the marker was ex-
changed in the transconjugants, we investigated the involvement
of homologous recombination by comparing the transfer effi-
ciencies of the ErmR marker from the I-8 derivative (Fig. 1 A) to
the recA� strain A909RF or its recA� derivative. Transconju-
gants were obtained at a frequency of 2.1 � 10�8 with the recA�

recipient, but none were recovered with the recA� strain (fre-
quency � 10�11). This result demonstrated that homologous
recombination is required for the incorporation of exogenous
DNA by the recipients.

The Chromosome Is Mobilized from Multiple Sites by Conjugation. S.
agalactiae is not thought to be naturally transformable, but we
cannot rule out the possibility that it may be competent in certain
growth conditions (20). To exclude this possibility, we showed
that the presence of DNase I in the mating medium did not affect
the transfer frequencies (data not shown). Transduction also is
unlikely because the donor strain is devoid of prophages. Con-
jugation therefore is the most likely mechanism to account for
the observed transfers of chromosomal DNA.

Conjugative transfer of chromosomal DNA generally is at-
tributed to integrative conjugative elements carrying an origin of
transfer (oriT). Chromosomal transfer is initiated from the oriT
by a relaxase through the introduction of a specific nick. Because
transfer is unidirectional, it leads to a gradient of transfer in
which the genes closest to the oriT are transferred at higher
frequencies than those that are more distally located. This
process was described first in Escherichia coli strains with a high
frequency of recombination (Hfr) carrying an integrated F
plasmid (21). In our experiments, transfer frequencies were
dependent on the location of the marker, suggesting that transfer

could be initiated from multiple sites (Fig. 1 A). Three regions
corresponding to insertions I-7 to I-10, I-11 to I-13, and I-18 to
I-20 showed putative gradients of transfer frequencies for the
ErmR marker. These regions are located near previously de-
scribed genomic islands (20) including genomic island X, an
integrative conjugative element carrying an oriT and encoding
the corresponding relaxase, Gbs1121 (unpublished data, M.B.
and P.G.). We further investigated the involvement of this
relaxase by comparing the transfer frequencies of I-17 to I-20
insertions using NEM316 gbs1121� or gbs1121� derivatives as
donors and strain A909RF as recipient (Fig. 1B). When using
gbs1121� donors, a unidirectional gradient of transfer frequency
was observed from I-18 to I-20 (P � 0.05). When matings were
performed with gbs1121� donors, the transfer frequency of I-18
to I-20 was significantly reduced (P � 0.05), but the transfer
frequency of I-17 was not affected. Furthermore, the genomic
island X was not detected among 40 transconjugants selected for
the transfer of I-18. These data suggest that an Hfr-type chro-
mosomal mobilization was initiated from the oriT of genomic
island X, emphasizing the role of mobile genetic elements in

Fig. 1. Transfer frequency of the ErmR marker. (A) Transfer frequency of the
30 insertions (I-1 to I-30) distributed throughout the chromosome indepen-
dently of any predicted mobile genetic element. Strain BM110 was used as
recipient. All mating assays were performed twice, and standard deviations
are indicated. Dashes on the x axis indicate insertions for which no transcon-
jugant was detected. Dashed lines and arrows indicate putative gradients of
transfer frequencies observed for three regions. The three arrows under the
x-axis indicate putative mobile genetic elements predicted in the genome of
strain NEM316 (20). (B) Transfer frequency of four insertions (I-17 to I-20) in the
vicinity of genomic island X. Strain A909RF was used as recipient. All mating
assays were performed three times, and standard deviations are indicated.
Thick dashes indicate transfer frequency for gbs1121� donors. Circles indicate
transfer frequency for gbs1121� donors.
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chromosomal mobilization. Conversely, transfers of I-17 prob-
ably are not initiated within genomic island X, because this island
was detected in 9 of the 20 I-17 transconjugants tested. More-
over, several insertions that transferred at low frequencies were
not located in the vicinity of putative mobile genetic elements.
These transfers may result from the recognition of ectopic oriTs
by mobilization proteins encoded by conjugative elements
present in NEM316, as had been shown previously in an unre-
lated conjugative system (22). Other mechanisms different from
classic Hfr chromosomal DNA transfer also may be involved in
these large chromosomal replacements, as has been demon-
strated in Mycobacterium smegmatis (23).

A Genome-Wide Map of Diversity Brings Evidence of Extensive Chro-
mosomal Exchanges Among Natural Isolates. The Hfr-mediated
conjugation events that promote exchange of E. coli chromo-
somal genes in the laboratory are considered to be of little
consequence within natural populations and are not thought to

lead to a random association of the alleles at different neutral
loci (24, 25). To test whether the large chromosomal replace-
ments observed under laboratory conditions contribute to the
genome dynamics of S. agalactiae, we looked for such replace-
ments among the eight available genome sequences. A direct way
of identifying historical recombination events is to study SNPs in
the core genome of related isolates (10). To identify patterns of
recombination, nucleotide substitutions between strains were
counted in 500-bp windows across the previously defined core
chromosome (16) representing 28 possible pairwise comparisons
(Fig. 2). Strikingly, each pairwise comparison revealed an alter-
nate pattern of highly conserved regions (�0.05% polymor-
phism on average) and less-conserved regions (�0.7% polymor-
phism), suggesting the occurrence of recombinational
exchanges. The abrupt transition between conserved and diver-
gent blocks allowed us to predict putative recombination points
with DNA exchanges involving regions of up to hundreds of
kilobases. In addition to these large exchanges, a limited number

Table 1. Estimation of the size of the transferred DNA segments in transconjugants

Transconjugant
no.*

ErmR insertion
site†

Limits of the transferred segment

Minimal size of the
transferred segment, kb

First detected SNP
identical to donor†

Last detected SNP
identical to donor†

TC2 314 308 341 33
TC6–1 658 466 810 334
TC6–2 658 565 810 252
TC10 847 830 858 28
TC12 986 972 993 21
TC16 1,124 1,012 1,117 105
TC17 1,160 1,127 1,225 99
TC18 1,213 1,211 1,225 14
TC19 1,272 1,211 1,497 286
TC24 1,619 1,570 1,619 49

*Number indicates the NEM316 derivative used as donor strain.
†Coordinates on the NEM316 chromosome in kb.

Fig. 2. Distribution of SNPs along the genome sequences of eight S. agalactiae strains. The number of SNPs (y-axis) is plotted according to the position of the
corresponding 500-bp fragment on the strain 2603 V/R chromosome (x-axis). For each coordinate, identical colors indicate regions highly conserved between the
corresponding strains (�0.05% polymorphism); gray denotes a high percentage of polymorphism with the seven other chromosomes (�0.7%). Empty sites
represent previously described genomic islands larger than 5 kb (16); the black lines R1, R2, and R3 indicate the three regions displaying a low level of
polymorphism in the eight genomes. Right brackets indicate clonal complexes; black arrow indicates the locus encoding the capsular polysaccharide. ST, sequence
type.
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of putative replacements involving regions of less than 5 kb were
observed also but are not considered here. The identification of
such large exchanges within the species makes it possible to trace
each chromosomal segment back to its origin.

Large Chromosomal Replacements Have Driven the Emergence of
Major Clinical Clonal Complexes. The eight genome sequences
published belong to four major clinical CCs (16, 20, 26). This
diversity allows the analysis of multiple genome sequences
separated by different genetic distances and provides a means of
inferring the population structure at the genome level. We
distinguished four major groups according to the number and the
lengths of regions that are highly conserved among strains (Fig.
2). Our genome classification fits with the clustering defined by
MLST (15) because genomes that belong to the same CCs show
a large extent of highly conserved regions (Table 2 and Table
S2). However, a comparison of strains from the same CC
revealed that they also are distinguished by long regions with
significant levels of polymorphism. For example, strains 515 and
NEM316 showed significant divergence in 12 regions spanning
662 kb, even though they both belong to the sequence type, ST23.
Similarly, the closely related strains 2603 V/R and 18RS21
diverge significantly along one 148-kb region that includes the
cps genes involved in the synthesis of the capsular polysaccha-
ride, explaining why they express different capsular types. In-
terestingly, the region surrounding the cps locus showed the
highest density of recombination points among the eight ge-
nomes (Fig. 2). Thus it is probable that the exchange of this locus
encoding an immunodominant component is selected by the host
immune response.

Strains belonging to distant CCs also share highly conserved
regions, and we determined that all CC pairs share at least 280
kb of DNA that are highly conserved and scattered over 8 to 14
regions (Fig. 3). This distribution of many highly conserved
regions among distant CCs can be explained by the emergence
of a clone that evolved either by importing large chromosomal
DNA fragments from a pool of unrelated strains or by exporting
large DNA fragments to unrelated strains. Given the extent of
recombinational exchanges, the relationships between CCs are
difficult to define, because neither trees nor networks provide
appropriate models. However, strains from CC19 share the
highest number of highly conserved regions with all other CCs
(Fig. 3). Consistently, except two regions, any chromosomal
piece from strains belonging to this CC is highly conserved in at
least one strain of the other CCs, but the reverse is not the case
(Fig. 2). This asymmetrical distribution of highly conserved
regions suggests that the clone that has spread throughout the
population is closely related to CC19. The high conservation
level of regions that are likely to be derived from this emerging
clone (i.e., �0.05% polymorphism) indicates a probably recent
dissemination within the population. This global genetic f lux

analysis demonstrates that in S. agalactiae CCs associated with
human carriage and neonatal infections are not unrelated and
probably are derived from an emerging clone that has exchanged
large chromosomal segments with unrelated isolates.

A similar pattern of SNP distribution was observed when
comparing S. enterica Typhi and Paratyphi A (9). For three-
quarters of their genomes they are distantly related, but the
remaining quarter is much more conserved with an average
nucleotide divergence of 0.18% instead of 1.2%. A convergent
model was proposed involving 124 genetic importations of
fragments with an average size of 6.4 kb. However, these genetic
exchanges probably occurred within a limited time span and
involved only these two human-restricted serovars. Among the
eight S. agalactiae strains, we observed progressive levels of
divergence suggesting that exchanges do not correspond to a
single rapid burst of recombination between a pair of lineages.

Regional Variations in Nucleotide Diversity Identify Putative Selective
Sweeps. Our evolutionary model raises the question of what
genetic basis might have led to the emergence of this dominant
clone. The genome-wide map of nucleotide diversity revealed
that, in addition to the seven sets of ribosomal RNA operons,
three regions are highly conserved in the eight strains (Fig. 2).
These regions were termed ‘‘R1,’’ ‘‘R2,’’ and ‘‘R3’’ and encom-
pass gbs0587-gbs0655, gbs1019-gbs1041, and gbs1416-gbs1425,
respectively. In organisms in which recombination occurs

Table 2. The number and size of highly conserved regions among eight S. agalactiae strains

Strain COH1 515 NEM316 H36B A909 CJB111 18RS21 2603 V/R

CC19 2603 V/R 536* 8† 558 11 753 14 789 7 900 6 854 8 1,603‡ 2 —
18RS21 572 11 591 14 815 14 824 9 926 8 890 10 — —

CC1 CJB111 245 7 216 10 483 9 1,079‡ 11‡ 1,048‡ 9 — — —
A909 357 6 251 10 445 12 1,471 5‡ — — — —
H36B 248 7 224 10 426 11 — — — — —

CC23 NEM316 259 11 1,089‡ 13 — — — — — —
515 254 9 — — — — — — —

CC17 COH1 — — — — — — — —

*Total length in kilobases of the highly conserved regions.
†Number of highly conserved regions.
‡There is a high extent of conserved regions within these clonal complexes.

Fig. 3. Central position of CC19 according to the extent of highly conserved
regions between the different CCs. The numbers in bold type indicate the total
length in kilobases of the highly conserved regions between two CCs. The
numbers in lightface type indicate the number of these highly conserved
regions.
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readily, the natural selection at loci encoding selective advan-
tages produces selective sweeps associated with a reduction in
genetic diversity around these loci. Therefore we further char-
acterized the nucleotide diversity of these three regions by
sequencing 37 loci in an additional set of 14 strains from various
origins representing 15,119 kb. Sequence analysis showed that
these three regions are highly conserved in all studied human
isolates (Fig. 4). Interestingly, these regions were more diverse
in CC67 and singletons ST246 and ST260 that are specific to
animal strains (15, 17). Because these regions are highly con-
served only in human isolates, they may be linked to selective
advantages in this host that led to the emergence of the dominant
clone.

These three highly conserved regions encompass 127 kb, and
therefore it is difficult to predict the functional basis of selection
for these chromosomal segments. Some hypotheses may be
proposed, however. Region R1 is of particular interest, because
it encodes three loci involved in the synthesis of virulence factors
or putative colonization factors including the �-hemolysin, a
pilus-like structure, and an ABC exporter coupled to a two-
component regulatory system. The latter is located in a remnant
mobile element inserted at a tRNAArg locus (17) and is highly
similar to the VncRS locus from Streptococcus pneumoniae (27,
28). The whole mobile element is absent only in CCs specific to
animals (17). Interestingly, VncRS-related systems, exhibiting
92% and 93% identity, were identified in a conjugative trans-
poson related to Tn916 in Enterococcus faecalis (29) and in CTn5
in Clostridium difficile (30), respectively. The CTn5 transposon
recently was shown to belong to a conjugative transposon family
amplified in human gut microbiomes (31). Because, like S.
agalactiae, these two bacterial species are inhabitants of the
human intestine, it is possible that the horizontal acquisition of
this VncRS-related system contributes to the adaptation to this
niche.

Conclusions
Recombinational exchanges in bacterial populations were
thought to involve the transfer of small pieces of genomes,
primarily through natural transformation or phage-mediated
transduction (5). Conjugative transfer and the replacement of
hundreds of kilobases of bacterial chromosomes already have
been described under laboratory conditions, but their impact on

natural populations remained largely unknown (32). This work
demonstrates that large conjugal exchanges have contributed
significantly to the genome dynamics of S. agalactiae and
strengthen the role of integrative conjugative elements in the
dynamics of bacterial chromosomes (33, 34). The outcome of
such extensive exchanges probably depends on complex selection
processes allowing transconjugants to outcompete the parental
strains. Consistently, the analysis of resulting gene flux points to
particular regions under different selective pressures that prob-
ably are involved in the adaptation to the host. In the near future,
the nascent era of population genomics should provide further
clues about the genetic mechanisms and the evolutionary forces
that shape bacterial genomes.

Methods
Bacterial Strains and Growth Conditions. The S. agalactiae strains used in this
study are listed in Table S3 and were cultured in Todd-Hewitt broth or agar
(Difco) at 37°C. Antibiotics were used at the following concentrations: eryth-
romycin, 10 �g/ml; rifampicin, 100 �g/ml; fusidic acid, 10 �g/ml; tetracycline,
10 �g/ml. When specified, 10 units of DNase I were added during mating
assays.

General DNA Techniques. The oligonucleotide primers were designed with
Primer3 software and are listed in Table S4. Sequencing reactions were
performed on PCR products using the ABI BigDye Terminator cycle-
sequencing kit and the ABI 3700 capillary DNA sequencer (Applied Biosys-
tems). The insertion sites of the ErmR markers were determined by direct
sequencing with chromosomal DNA template using forward and reverse
himar oligonucleotides (Table S4). Sequence data were analyzed using phred-
Phrap, BLAST (36), and MULTALIGN programs.

Construction of Bacterial Strains. NEM316 derivatives were generated by
transposon mutagenesis, using the temperature-sensitive plasmid pCAM45 as
previously described (35). The plasmid-borne Himar1-derived minitransposon
contains an ErmR marker and an R6K� origin of replication flanked by the
transposon inverted repeats. In almost all cases, pCAM45 mutagenesis leads to
the unique insertion of the 1.4-kb minitransposon into the chromosome. The
mutants generated are stable because the inserted fragment is segregated
from the transposition functions carried by the vector.

Insertional inactivations of recA and of the relaxase encoded by genomic
island X were carried out by single cross-over using the forward and reverse
‘‘recA’’ and ‘‘gbs1121’’ oligonucleotides (Table S4). The resulting EcoRI-BamHI
amplicons were cloned into the thermosensitive shuttle plasmid pG�host8
(37). Electroporation was performed, and transformants and mutants were
selected as previously described (38).

Bacterial Conjugations. Donors and recipients were spread onto a hydro-
phobic edge membrane filter (Millipore). Donor-to-recipient ratios were
calculated to obtain a ratio of approximately 1:1 after 24-h mating assays.
Transconjugants were selected with appropriate antibiotics. When speci-
fied, 10 units of desoxyrobonuclease I (Roche) were added during filter
mating. The frequency of transfer was determined by dividing the number
of transconjugants by the number of donor cells. To map the transferred
regions, transconjugants were characterized by sequencing 48 loci scat-
tered along the chromosome (Table S4).

Identification of Large Regions Conserved Between Strains and Clonal Com-
plexes. To identify patterns of recombination, the genome sequence of
each strain was fragmented in contiguous and nonoverlapping 500-bp
segments, and each fragment then was compared with the seven other
genomes by using the Blastn algorithm (36), representing 28 possible
pairwise comparisons. For each best-score, the number of SNPs was
counted when query and match lengths were identical. Sequences present
in multiple copies such as insertion sequences were not considered, nor
were the 69 genomic islands that are absent in at least one of the genomes
(16). Boundaries between large regions (�5 kb) that are either highly
similar or highly divergent between the two interrogated strains were
identified by visual inspection. The extent of highly conserved regions
between CCs deduced from MLST was based on regions highly conserved
between at least two strains belonging to different CCs.
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